Summary. Recent evidence points to involvement of central nervous system oscillators in Parkinson's disease (PD) rest tremor. It remains unknown whether one or multiple oscillators cause tremor in multiple limbs. Based on the prediction that multiple oscillators would cause low coherence even with similar average frequency, we studied 22 PD patients using accelerometers on multiple limbs. Records were digitized and spectral analysis was performed. Peak frequencies in the arms, legs, and chin were similar, indicating that biomechanical factors did not determine the frequency. Coherence between different axes of individual accelerometers and between different segments of the same limb was high. However, coherence between tremor in different limbs was low. There was no consistent pattern across patients of ipsi-vs. contralateral predominance of coherence. These data suggest that tremor in PD is generated by multiple oscillatory circuits, which operate on similar frequencies.
Introduction
Rest tremor in Parkinson's disease (PD) is a common and often debilitating symptom that may be refractory to medical treatment. Recently, improved understanding of the physiology of the basal ganglia (BG) (Albin et al., 1989; Chesselet and Delfs, 1996; Wichmann and DeLong, 1996) has led to the reemergence of stereotactic neurosurgical procedures as viable and effective treatment options for PD tremor. Lesions or deep brain stimulation to either the ventral intermediate nucleus (VIM) of the thalamus (Benabid et al., 1991; Pollak et al., 1993) , globus pallidus (Lozano et al., 1995) , or subthalamic nucleus (Benabid et al., 1994; Kumar et al., 1998) can effectively alleviate tremor in contralateral limbs in PD. These developments highlight the need for better understanding of PD tremor pathophysiology, as a basis for future therapeutic innovations.
Mounting evidence implicates involvement of several CNS regions in generation and propagation of PD rest tremor. Intraoperative recordings have demonstrated "tremor cells" in the thalamus (Lenz et al., 1988) , globus pallidus (Hutchison et al., 1997) , and subthalamic nucleus of PD patients undergoing stereotactic procedures for tremor relief. Additionally, data from multi-cellular recording from globus pallidus in primates made parkinsonian by administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) showed emergence of increased oscillations and synchrony of neighboring cells (Bergman et al., 1998) . In other studies of PD tremor, voltage oscillations at the tremor frequency in the thalamus (Volkmann et al., 1996) and primary motor and premotor cortices (Tass et al., 1998) were found by magnetoencephalography. These observations begin to address why surgical lesions or electrical stimulation of thalamic (Benabid et al., 1991) or BG nuclei (Benabid et al., 1994; Lozano et al., 1995; Kumar et al., 1998) can effectively improve tremor in contralateral limbs in PD.
A central issue in investigation of tremorgenic mechanisms involves identification and characterization of involved nuclei or networks. It remains controversial whether one or multiple interacting tremorgenic circuits are critical. Studies of neuronal firing-tremor correlation (Hurtado et al., 1999; Levy et al., 1999) and of multi-limb tremor recording (Lauk et al., 1999; Raethjen et al., 2000) indicated that multiple oscillatory mechanisms are involved. However, Hunker and Abbs (1990) , using multi-limb electromyographic (EMG) recordings showed similar tremor frequency, from which the authors inferred a single oscillatory generator. The present study involves frequency domain analysis of multi-limb accelerometric recordings to examine the relationship of PD rest tremor between different body parts. Our null hypothesis was that tremor in different body parts would be of high coherence if generated by a single oscillator. These data were previously presented in abstract form (Ben Pazi et al., 1999) .
Methods
Twenty two patients at two medical centers participated in the study. Inclusion criteria was determined by a movement disorders specialist based on the diagnosis of PD according to the United Kingdom Brain Bank criteria (Hughes et al., 1992) , and the existence of bilateral limb tremor. Exclusion criteria were significant dementia, concurrent neurological illness, pyramidal signs, or significant autonomic failure. All patients underwent routine neurological examinations including the United Parkinson's Disease Rating Scale (UPDRS). Patients were requested to stop levodopa the night prior to testing. The Helsinki Commission of the Health Ministry of the State of Israel approved the study, and all patients provided informed consent.
The tremor of 13 subjects was recorded by triaxial accelerometers (16 grams; Kistler, USA) and that of nine subjects was recorded by miniature monoaxial accelerometers (0.5 grams; Depew, USA). Accelerometers were placed variably on the index finger, hand dorsum, upper arm, foot dorsum, first toe, or chin, according to the available accelerometers and the clinical expression of tremor. Subjects were in a comfortable supine position (lying flat or reclined sitting) with hands at rest and not touching each other. Three successive 2 minutes epochs were recorded. The accelerometer's signal was amplified, hardware filtered (Butterworth, 4 poles, 1-30 Hz), and digitized at a rate of 100 Hz (National Instruments, USA).
Digital data analysis was implemented in a custom program written in Matlab (The Mathworks, USA). The power spectra in the bandwidth of 3-18 Hz were estimated using Welch's method, a fast Fourier transform algorithm, and the frequency of the maximal power magnitude was determined (referred to here as "peak frequency"). The synchrony between the signals was determined by estimating the coherence function, which measures the linear correlation between them as a function of the frequency (Carter, 1987) . This function results in a frequency dependent curve ranging in magnitude from 0-1, where 1 indicates that the frequency of two signals co-vary exactly in the given frequency band. In all cases, coherence measures were evaluated for the entire data epoch to enhance resolution of the coherence function. The resolution of the power and coherence spectra was 0.2 Hz, and the 95% confidence level for the coherence was 0.13, based on (Carter, 1987) . Maximal coherence values in the range of 3-8 Hz (the range of PD tremor) were considered for this study. When population summaries are given they are as "average Ϯ standard deviation".
In order to examine whether there was greater coherence between ipsi-or contralateral limbs in each subject, we used the following formula: (Ipsi Ϫ Contra)/(Ipsi ϩ Contra), where Ipsi is the coherence of tremor signals from limbs on the same side of the body, and Contra is the coherence of tremor signals from homologous limbs on opposite sides of the body. We sought correlation of this tremor "ipsi/contra predominance" parameter with clinical subclass as defined by Tremor/Postural Instibility and Gait Difficulty (T/PIGD) score, and with other clinical variables such as disease duration, sex, and age. The T/PIGD score is a measure derived from the UPDRS, as an indication of the relative severity of tremor or postural instability and gait difficulties (Jankovic et al., 1990) .
Results
Patient characteristics are shown in Table 1 . Of note, there was a wide range of severity of PD manifestations, as evidenced by total UPDRS scores. In addition, T/PIGD scores were widely distributed. All patients were treated with levodopa/carbidopa, together with various combinations of selegeline, and dopamine agonist and anticholinergic drugs. Patients complied to various degrees with the request to withhold levodopa, but all patients had tremor at the time of examination.
Data from one patient is shown in Fig. 1 , which illustrates how tremor signals of similar frequency may have either high or low coherence. Power spectra computed from long time epochs showed clear peaks indicating dominant frequency ("peak frequency") at approximately 5 Hz. However, coherence was low between ipsilateral limbs (Fig. 1C) and high between contralateral limbs (Fig. 1F) . The finding of low coherence between signals that have apparently similar frequencies may be understood in light of the fact that the power spectrum represents the average from the entire data epoch. If the frequencies of two signals change in different ways over time, then the coherence may be low despite the fact that the average frequency may be the same. Here, we see that in the same individual, relatively high coherence is present in the tremor bandwidth only between contralateral hands.
On average, PD rest tremor in different limbs had similar peak frequency. This is demonstrated in Fig. 2A , where the bars represent the peak frequency for all measurements, averaged across all subjects. The surprisingly small variability in the peak frequency regardless of the mass of the limb indicates that all body parts receive similar rhythmic neuronal drive. However, it cannot be concluded based on average frequency data alone whether the tremor in different limbs was derived from the same oscillatory source. Since the peak frequency of each accelerometer signal was computed from the entire recording epoch, the similarity in peak frequency indicates only that the average frequency in the two signals was similar for that epoch. In fact, we observed that there was considerable temporal variation of individual power spectra (not shown). As such, it is possible that the two signals have different instantaneous frequencies that change over time, and therefore the temporal changes in the signals are not related. In such a case, low coherence of the two signals provides evidence for different tremorgenic sources driving the tremor in the different joints. Several comparisons of coherence were computed to evaluate the extent of coupling between tremor signals both within and between limbs. These data, as summarized in Fig. 2B , are shown for five representative subjects. For each subject, average coherence values for comparisons between each of the axes of individual triaxial accelerometers (leftmost gray bars, "axis"), between accelerometer signals from placements on the same limb (upper arm, hand, and finger; center white bars, "segment"), and from different upper and lower limbs (rightmost black bars, "limb") were analyzed. A clear pattern emerged: while the interaxis and intersegment coherence was relatively high, the interlimb coherence was generally low. For the entire population of subjects, the interaxis coherence value was 0.72 Ϯ 0.19, the intersegment coherence was 0.56 Ϯ 0.28, and the interlimb coherence was 0.31 Ϯ 0.20.
For six patients who had obvious chin tremor, we computed average coherence values between signals from an accelerometer placed on the chin and each of the three axes from multiple triaxial accelerometers placed on the limbs. These data, summarized in Fig. 2C , demonstrate relatively low coherence, generally comparable in magnitude to interlimb coherence in the same subjects. For the entire population, chin-limb coherence was 0.22 Ϯ 0.23. The ipsi/contra predominance parameter (Ipsi Ϫ Contra)/(Ipsi ϩ Contra), did not show any consistent pattern among the patient population (Fig.  3) . Both the average and maximum values of this parameter are shown, indicating that there were approximately equal numbers of patients with greater coherence when comparing ipsilateral or contralateral limbs. Further, there was no significant correlation between this parameter and T/PIGD scoring, disease duration or other clinical variables (two-tailed paired t-test, p Ͼ 0.2).
Discussion
The present results show that, despite having similar tremor frequency, PD rest tremor in different limbs is generally of low coherence. One interpretation of these results is that tremor in different limbs is driven by different oscillators which are coupled. Since the coherence is low, we must assume that the coupling is weak and their synchrony can be easily disrupted. It should be noted that in the present study coherence was computed for long time epochs, and therefore we cannot exclude that tremor in different limbs might be more strongly synchronized for brief epochs. This issue will be a focus of future study.
An alternative interpretation of our results is that a common oscillator drives the tremor in different limbs, and that the observed low coherence might result from noise in the neural control signals downstream to the oscillator. Although we found that tremor in different limbs can display significant coherence, the magnitude was generally small. A further argument against this interpretation is that the coherence between axes of the same Fig. 3 . Comparison of coherence between ipsi-and contralateral limbs. Shown are the average (white) and maximal (black) values of the derived "ipsi/contra predominance" parameter (ordinate) for each patient (see Methods). Evident is the large variability in this parameter, both between patients and for multiple trials within each patient accelerometer and within limbs was systematically higher that between limbs. There should be no reason why desynchronizing noise would preferentially affect motor circuits leading to different limbs, although we cannot exclude this factor. Rather, we favor the hypothesis that different oscillators that are weakly coupled drive tremor in different limbs.
Our findings are consistent with several recent reports suggesting multiple oscillators in PD tremor (Hurtado et al., 1999; Lauk et al., 1999; Raethjen et al., 2000) , physiological tremor (Lauk et al., 1999) , and essential tremor Lauk et al., 1999) . However, Hunker and Abbs (1990) suggested a single oscillator. In fact, our finding of similar average frequency in different limbs is consistent with that of Hunker and Abbs (1990) . By calculating the coherence between tremor signals, a step not performed by Hunker and Abbs, we were able to infer multiple tremorgenic oscillatory circuits.
It is noteworthy that there was marked interpatient variability in the coherence measurements. Nonetheless, within each patient there was a consistent finding of low interlimb coherence relative to the interaxis and intersegment coherence. The relatively high interaxis and intersegment coherence may be accounted for either by higher mechanical coupling or tighter coupling of CNS oscillators. The likelihood of a significant degree of mechanical coupling and the high sensitivity of coherence values to such coupling (Tass et al., 1998 ) strengthens our conclusions, as it may be inferred that the coherence measure would be even lower in the absence of mechanical coupling.
As a step towards understanding the somatotopic organization of tremorgenic oscillators in PD, we sought a measure of the degree of unilaterality of the tremor coherence. Since most motor circuits are mainly related to one side of the body and PD signs are often asymmetric, it may be expected that coherence of tremor would be greater between ipsilateral limbs than in contralateral limbs. However, we found no pattern of the "ipsi/contra predominance" parameter across our patient population. Regarding clinicalelectrophysiological correlation, we postulated that the degree of unilaterality might correlate with the subclass of PD -either those patients exhibiting a tremor-predominant syndrome or patients with a greater tendency towards bilateral symptoms of postural instability and gait disability. We predicated that the tremor-predominant patients would have greater unilaterality, as reflected by the "ipsi/contra predominance" parameter. However, we found no significant correlation between these two measures. We are aware that the small numbers of patients in this study precludes definitive statements regarding patient subclass characteristics.
In conclusion, the present results demonstrate low interlimb coherence in PD rest tremor, and thereby provide evidence for multiple oscillators in tremorgenesis. This provides orientation for experimental design and data interpretation for studies aimed at identifying and characterizing CNS networks involved in tremor generation, employing extracellular recording and neuroimaging techniques. We believe in the importance of further characterization of the dynamics of putative neural oscillators that may be involved in voluntary and involuntary movements. Studies such as this may lead to future innovations in physiologically based treatments for PD.
